The anesthetics chloroform, halothane, ethyl ether, and sodium pentobarbital, which have negative inotropic properties, were examined for effects on the calcium pump of the sarcoplasmic reticulum of the dog myocardium. Chloroform and sodium pentobarbital, at concentrations similar to those depressing cardiac contractility, inhibited calcium uptake. The concentration of halothane required to inhibit calcium uptake was ten times greater than that required to produce depression of contractility. Ether at concentrations eight times greater than those producing inhibition of contraction was completely without effect on calcium uptake. Chloroform and halothane depressed calcium uptake and calcium-stimulated ATPase activity in parallel, indicating that these agents do not uncouple transport from ATP hydrolysis. Sodium pentobarbital, in contrast, uncoupled transport from ATP hydrolysis.
• The extent to which anesthetic agents depress myocardial contractility has only recently been appreciated. Prior to the use of halothane, most agents used in general anesthesia were not found to depress circulatory dynamics, so that the depressant action of these agents on the heart was not apparent. However, the considerable degree of hypotension with halothane anesthesia led investigators to question whether this substance was unusually cardiotoxic or whether it exerted unique actions elsewhere in the cardiovascular system. A second possibility to be considered was that all anesthetic agents are cardiotoxic but that most possess Accepted for publication September 11, 1968. other actions that antagonize and therefore obscure their cardiac toxicity (1) . Comparison of the negative inotropic action of halothane with the action of other anesthetics has shown that it does not possess a unique ability to depress cardiac contractility. In order to reveal the depressant activity of other anesthetics, it is, however, necessary to investigate the problem with isolated heart preparations, so as to exclude reflex activity. An excellent study of this type has been recorded by Price and Helrich (2) . They showed that ether, cyclopropane, and nitrous oxide, at surgical depths of anesthesia, produce a decrease in stroke power of about 50%; tbiopental produced a 25% decrease at the same level of anesthesia. The isolated heart preparation of Langendorf was used to measure the inotropic actions of chloroform and halothane by Asher and Frederickson (3), who found that these two agents are almost equipotent and that anesthetic concentrations of halothane cause a 20 to 60% decrease of myocardial contractility. Other studies with halothane (4), using isolated papillary mus-
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cle, have demonstrated that developed tension, rate of force development, and rate of relaxation show parallel decreases as halothane concentration is increased. Similarly, detailed studies of the effects of other anesthetic agents on various parameters of contraction could not be found for chloroform, ethyl ether, or any of the barbiturates, although it has been shown that pentobarbital is capable of decreasing isometric tension as well as the rate of force development (5) . The lack of cardiotoxic effects of most anesthetics in the intact animal was found to be due to their actions on the sympathetic nervous system (6) (7) (8) (9) , which antagonizes the depression of contractility. The ability of halothane to depress the sympathetic response to a reduced cardiac output permits the hypodynamic action of this agent to become manifest (10) .
The mechanism by which anesthetic agents depress cardiac contractility is unknown. A recent study by Luchi and Kritchner (11) has demonstrated that a wide variety of cardiotoxic agents, including nitrous oxide, pentobarbital, ethyl ether, and cyclopropane, have no effect on the enzyme (ATPase) activity of the contractile protein myosin. This result suggests, but does not prove, that the site of action of anesthetics is not on the contractile proteins.
The negative inotropic action of anesthetics could be related to three other mechanisms: (1) the action potential which triggers contraction, (2) the energy sources utilized for contraction, and (3) the mechanism by which the membrane potential activates the contractile proteins (excitation-contraction coupling). Several studies have shown the action potential to be unchanged at anesthetic concentrations causing contractile changes. Daniel et al. (5) have shown that while pentobarbital can alter the action potential, it does not do so except at concentrations at which contractility is completely depressed. Likewise, halothane (4) shows no effect on electrical activity at concentrations usually employed to study contractile changes. As there is evidence (12) that anesthetic agents uncouple oxidative phosphorylau'on in brain mitochondria, there is a possibility that they possess a similar action in the heart. This could lead to a depression in cardiac ATP stores. However, since decreases in myocardial ATP concentration would depress relaxation (13) before contraction (14) , it seems possible to exclude a defect in energy sources or stores as being directly involved in the depression of contractility.
By exclusion it appears that the mechanism involved in excitation-contraction coupling may be the site at which anesthetics depress cardiac contractility. Although there is presently no way to investigate the intact excitation-contraction coupling mechanism, sufficient information is available to permit evaluation of some of the crucial steps involved. The current view (15) of the mechanism states that the membrane action potential causes calcium to be released from the sarcoplasmic reticulum. The amount of calcium released, and thus bound to the contractile proteins within the myofibril, quantitatively determines the magnitude of the contractile response in these structures. The greater the amount of calcium bound, the greater the contractile response. Thus the amounts of calcium released from the reticulum become importantly involved in determining myocardial contractility. Although a number of factors play a role in determining the amount of calcium in the reticulum (16) , the most important of these is the calcium pump of the reticulum which transports calcium, by an active process, from the sarcoplasm into the reticulum. It is therefore the activity of this pump which has been examined to evaluate what effects anesthetic agents have on this portion of the excitation-contraction coupling mechanism. 599 while the dog was ventilated with 100% oxygen. The ventricles were quickly washed with cold tap water and placed in cold (0°C) isotonic saline for 15 minutes. Fifty grams of ventricular myocardium was cut into small cubes and placed in a Servall Omnimixer to which 200 ml of a 0.3 M sucrose solution containing 2 HIM ascorbic acid and 10 mM imidazole (pH 7) was added. The heart was homogenized for 40 seconds. All these procedures were carried out at 0°C. The suspension was then centrifuged for 30 minutes at 13,000 X g at 0°C to remove mitochondria (17) . The supernatant fluid was decanted through a double layer of cheesecloth and centrifuged at 105,000 X g for 60 minutes. The supernatant fluid was discarded and the pellet resuspended in the sucrose-ascorbic acid-imidazole solution, and centrifuged at 195,000 X g for 30 minutes. The supernatant fluid was again discarded, and the pellet resuspended in approximately 5 ml of the sucrose solution. This final suspension presumably contained fragmented sarcoplasmic reticulum. The calcium uptake activity of this fraction is only slightly influenced by azide (16) (17) (18) . The protein concentration of this fraction was determined by the method of Lowry et al. (19) .
CALCIUM UPTAKE MEASUREMENTS
Calcium uptake was measured with the aid of 45 Ca on the same day that the fragmented sarcoplasmic reticulum was prepared. All incubations were run at 37°C. All incubations of the volatile inhalation anesthetics were carried out in sealed flasks. The fragmented sarcoplasmic reticulum, usually 0.1 ml in volume, was added to the following solution: 130 mM KC1, 22.5 mM imidazole, pH 7.0, 2.25 HIM K-oxalate. This solution, plus the sarcoplasmic reticulum 0.75 mg protein, was 4 ml in volume. It was placed in the flask along with the desired concentration of anesthetic, sealed, placed in a 37°C water bath and stirred at a constant rate with a magnetic bar for 1 minute to allow for temperature and anesthetic equilibration. Calcium uptake was started by the addition, from the sidearm of the flask, of 1 ml of the following solution: 25 mM ATP, 25 mM MgCl 2 , 0.90 mM CaCl 2 and 0.25 fj,c 45 Ca. The reaction was stopped by filtration of 2 ml of the reaction mixture through a 0.22-^, Millipore filter. The filtrate from each sample was collected and 0.5 ml was pipetted into Cabosil-dioxane counting medium. These samples were counted to 1% error with a Beckman LC-100 liquid scintillation spectrometer.
Control calcium uptake was measured with all fragmented sarcoplasmic reticulum preparations at 0, 1, 2, and 3 minutes. The control rate of uptake was linear up to 2 minutes. The rates Circulation Research, Vol. XXlll, November 1968 of uptake observed with different preparations ranged from 0.294 to 0.530 /umoles/min/mg of sarcoplasmic reticulum protein. Since the rate of calcium uptake was found to be linear over a 2-minute period, the routine measurement of the effect of anesthetics on calcium uptake was made only at the 2-minute interval.
In addition to measurements of calcium uptake, ATP hydrolysis was determined by measuring the increase in inorganic phosphate (20) during the 2-minute incubation period.
The aqueous-phase anesthetic concentration was calculated from published partition coefficients (21, 22) . The choice of anesthetic agents was based on the availability of information concerning their effects on contractility. A search of the literature for this information provided little quantitative data, partly because investigators failed to clearly define the anesthetic concentrations they were studying and because of the ambiguity of the term contractility (23) . In spite of these difficulties, four agents were selected: pentobarbital, ethyl ether, chloroform, and halothane.
Results
The first agent to be investigated was chloroform. As indicated in Figure 1 , 0.35 HIM chloroform produced a moderate depression of calcium uptake and 1.35 mM produced almost 50% inhibition. This same range of chloroform concentrations produce a 40 to 70% reduction in isometric tension (3). Figure 2 compares the effect of chloroform on calcium uptake rates and ATP-splitting rates. Depression of these two rates was related at all chloroform concentrations studied. Extrapolation of the data to zero calcium uptake suggests that about 50% of the ATPase activity in this vesicular preparation is not involved in calcium uptake and not inhibited by chloroform. If this nonspecific ATPase activity is subtracted from the total ATPase activity, then, as shown in Table 1 , the number of moles of calcium taken up per mole of ATP split was independent of the chloroform concentration and independent of the number of moles of calcium transported. It appears, therefore, that chloroform depresses calcium uptake by a direct suppressive action on the ATPase activity of the calcium pump.
No effects on calcium uptake were observed when concentrations of halothane (0.2 to 1.0 HIM) known to depress contractility (4) were studied. Only concentrations of 2.5 to 10 mM (Fig. 3) uptake. Inesi et al. (24) have briefly alluded to studies in which they treated fragmented sarcoplasmic reticulum with apparently similar concentrations of halothane and also found calcium uptake to be inhibited. Although the concentration of halothane used in these studies is ten times higher than that found to depress the isolated papillary muscle, it is about ten times lower than the concentration observed by Brodkin et al. (25) to depress cardiac myofibrillar ATPase. The effect of halothane on ATPase activity was analyzed as indicated in Figure 2 and yielded similar results; that is, there was a linear relationship between the depression of calcium uptake and ATP hydrolysis with a residual ATPase activity uninfluenced by halothane. When the Effect of halothane on calcium uptake rates and cardiac contractility. Vertical bars indicate standard errors of the mean. Six preparations were studied. The data on cardiac contractility are from Asher and Frederickson (3) and Goldberg and Uttrick (4) ; both sets of data agree well. Calcium uptake rates were measured as described in Figure 1 .
nonspecific ATPase is subtracted from the total ATPase activity, a clear relationship between calcium uptake and ATP hydrolysis emerges ( Table 2) . Halothane depresses calcium uptake without influencing this relationship. Not surprisingly, as with chloroform, calcium uptake and ATPase were found to be Effect of diethyl ether on calcium uptake and cardiac contractility. Vertical bars indicate standard errors of the mean. Five preparations were studied. The contractility data are from Price and Helrich (2), using dog heart-lung preparations. Experimental conditions as described in Figure 1 .
Circulation Research, Vol. XXIII, November I96 § depressed in parallel, indicating that these anesthetics do not uncouple transport from ATP hydrolysis. As shown in Figure 4 , ethyl ether had no effect on calcium uptake at concentrations that depressed contractility. Higher concentrations were not investigated in this study. It has been shown (26) , however, that ether in high concentrations (300 mM) can decrease calcium uptake in fragmented reticulum from skeletal muscles.
The barbiturates, like the inhalation anesthetics, depress cardiac contractility. A brief report (27) has demonstrated the ability of amobarbital to inhibit calcium uptake by isolated fragments of cardiac sarcoplasmic reticulum. These studies, carried out at 22°C, showed that it was necessary to use rather high concentrations (3 to 6 mM) of amobarbital to obtain an inhibition of uptake. In the present series of experiments, sodium pentobarbital has been used and the studies have been carried out at 37°C. Figure 5 shows the effect of sodium pentobarbital on calcium uptake and cardiac contractility. Pentobarbital, 1.0 mM, caused a 25% reduction in calcium 0.6
CONCENTRATION (mM)
Effect of sodium pentobarbital on calcium uptake rates and cardiac contractility. Vertical bars indicate standard errors of the mean. Four preparations were studied. The data on cardiac contractility are from Daniel et al. (5) using isolated right ventricular strips. Calcium uptake rates were measured as described in Figure 1 . uptake. The same concentration of sodium pentobarbital causes an 80% reduction in isometric twitch tension (5) in isolated heart muscle. When the effects of sodium pentobarbital on the relationship between calcium transport and ATP hydrolysis were investigated (Table 3) , it became clear that this substance uncoupled calcium transport and ATP hydrolysis. That is, the amount of calcium transported per mole of ATP split decreased as the concentration of the anesthetic increased.
Discussion
In the introduction it was stated that a depression of the calcium pump would be expected to lead to decreased myocardial contraction through a failure of the reticulum to accumulate sufficient quantities of calcium to couple excitation to contraction. No quantitative prediction was made, however, of how the amount of calcium accumulated would depend on the rate of calcium influx; for it would also depend on the rates of calcium efflux from the reticulum. Thus, in the intact heart, if an anesthetic were to decrease calcium influx rates and increase efflux rates, the effects of the anesthetic on tension generation would be greater than expected simply from the study of influx rates. The similarity of the slopes relating the effects of chloroform to calcium influx and tension suggests that an important effect may be depression of calcium influx into the sarcoplasmic reticulum but that it has little effect on efflux from it. Studies with pento-barbital, on the other hand, show that the slope relating the concentration of this substance to the inhibition of tension is significantly greater than that relating the effect of pentobarbital concentration to calcium uptake. The dissimilarity of these two slopes might be explained by an increase in passive efflux which could not be documented in this study.
It was surprising to find that chloroform and halothane, two closely allied chemicals, inhibit calcium uptake at concentrations which differ by one order of magnitude and that the concentration of halothane required to inhibit calcium uptake was almost one order of magnitude greater than that required to inhibit contractility. It is possible that the conditions chosen for the isolation of the reticulum and the study of the effect of halothane on calcium uptake were not optimal. Since Goldberg and Ullrick (4) observed that halothane depresses the rate of myocardial relaxation as well as contractility, and since it is this parameter of cardiac function which should most directly relate to the rates of calcium uptake, it seems particularly compelling to believe that halothane acts on this mechanism. The observations presented here that the slopes relating halothane concentration to calcium uptake and cardiac contractility are parallel may support this hypothesis. Conversely, it is possible that halothane may depress excitation-contraction coupling by depression of some aspect of the mechanism other than the calcium pump.
The molar concentration at which ether inhibits contractility is tenfold higher than required with the other two gaseous anesthetics, suggesting that the physicochemical effects of this agent may differ from those for halothane and chloroform. Inesi et al. (26) have reported that treatment of skeletal fragmented sarcoplasmic reticulum with concentrations of ethyl ether of 0.5 M or higher uncouple calcium uptake from ATP hydrolysis. Since the conditions of their experiments are considerably different from ours, it is difficult to be certain that theirs indicates a mode of action for ethyl ether which is diff-erent from that seen with chloroform and halothane. The paucity of information concerning the effects of ethyl ether on various parameters of contraction, particularly on relaxation rates, makes it difficult to decide what might be the most Likely site of the negative inotropic action of this substance.
One of the unexpected dividends of this study was the discovery that halothane and chloroform depress the calcium transport system by a mechanism which is clearly different from that produced by barbiturates. The gaseous anesthetics inhibited by direct depression of ATPase activity, while the barbiturates uncoupled calcium transport from ATPase activity. This is perhaps not surprising since these two types of agents have entirely different chemical structures. The hydrate microcrystal theory of anesthesia proposed by Pauling (28) and Miller (29) provides a possible explanation for the action of chloroform and halothane on calcium uptake. Miller, in particular, proposes that the ice cover generated by these agents "lowers the conductance of the nerve membrane, or stiffens it, or plugs up the pores of the membrane." This might lead to a decrease in the number of calcium molecules that could penetrate the membrane and bind to the carrier, thereby decreasing both the number of calcium molecules transported and the number of ATP molecules hydrolyzed.
